Research on the characteristics of spatial cognition without vision is used to improve the design of indoor environments to be safer for blind and visually handicapped persons. A fuzzy cognitive map (FCM) decision mechanism is presented for modeling path planning strategies adopted by blind travelers including wallfollowing, and shortcutting through the environment. A statistical case based reasoning (CBR) strategy is introduced for anticipating the points of switch between the two mentioned behaviours along the path. The combination of CBR and FCM modules provided a robust model of decision making which can be used for predicting blind motions. In this research, 51 eye-masked subjects contributed for obtaining the path patterns and for validating the results obtained using the proposed path prediction approach.
Introduction
Understanding the needs of the blind and visually handicapped is of utmost importance in every society 1) , 2) . Study in this field has signified special care for this population, and therefore led to development of facilities, services, and assistive technologies 3) , as well as the design of private and public spaces 4) . Various studies focused on comfort, and safety issues in houses, offices, transit terminals, etc.
In way-finding, the goal is to understand how blind people conceive their environment 5) , and therefore how the environment must be designed to be more convenient for them. It must be understood what navigation cues can really help, and what reactions blind travelers show when encountering them.
In the previous studies 6), 7) , such analysis has been mostly through walking locus, interview and sketch maps. However, the real-time path prediction was not included for estimation of motion patterns; and therefore, the results have been classified into a number of fixed patterns without considering the inherent variability of biological systems.
In this research, a new systematic decision model is introduced for real time estimation of blind trajectories in unknown environments. The system's database is a collection of all facts and rules i.e., if-then expert assertions on blind way-finding which help to create predictive models for the blind path decisions. The decisions are made at time instances called productions, and generating a series of these productions using expert models results in the prediction of an entire path.
While factor concepts such as behavioural and environmental are discovered and defined according to observation and empirical test, a decision model is required to justify the relationship between those factor concepts and the choices made, i.e., decision concepts.
Related Theories
The basic theories of deficiency, inefficiency, and difference were introduced regarding the role of vision in way-finding 8) . However, the theory of difference was further supported by other scientists 9), 10) . Unlike the theory of deficiency i.e., the lack of visual experience results into a total lack of spatial understanding, the theory of difference suggests that blind people can compensate the lack of vision by using different senses, i.e., haptic and hearing, as well as different path planning strategies.
The blind have abilities which are qualitatively different from, but functionally equivalent to those of sighted people. Therefore, their way-finding and mobility is not necessarily inferior to that of sighted people as suggested by theory of inefficiency 11) .
Spatial information is available to the blind through senses other than vision which form the basis of spatial coding. However, the lack of vision changes the way in which information is coded 10) . Vision provides reliable information about objects at further distances as well as boundaries enabling for external referencing or maplike cognition. On the other hand, the most reliable forms of spatial coding through touch are based on movement of the body and limbs which can detect objects at nearer distances. This generally gives rise to egocentric referencing in way-finding without vision 11) .
Therefore, the blind explore and gain knowledge mostly through procedural routes in their environment i.e., sequential representations. From local exploration of declarative subspaces, landmarks are transformed into routes and even to maps from which a global understanding of the whole space is obtained.
Expert Model of Path Planning
In this article, in line with previous experts' c o n c l u s i o n s 1 0 ) , 1 2 ) , i t i s h y p o t h e s i z e d t h a t t h e fundamental assertions constitute a basis of one's decision making process including: spatial knowledge, spatial reasoning, and productions. Fig.1 . illustrates the idea of an action selection system (AI production) developed on the basis of blind psychological concepts i.e., referencing, and behavioural strategies, as well as physiological, and environmental factors in way-finding.
As an analysis tool, the model is applicable to the modifying of indoor designs as long as it shows what modifications can be helpful and what changes they cause in the way-finding patterns of blind travelers.
F o r e x a m p l e , a d e s i g n e r c a n p r e d i c t w h i c h declarative elements, e.g., landmarks, directional audible signage, and structured lights for those with light perception, can be added to, or removed from the space to have optimal path patterns with highest safety and comfort.
FCM Decision Mechanism
The supply of factor concepts as well as decision concepts to the expert model of Fig.1 . is from previous research findings 9),10), 12) . As the main part namely causal knowledge acquisition and inference, fuzzy cognitive map (FCM) 13) is used to generate new weights of concepts from their initial values.
Fuzzy models are advantageous in inclusion of uncertainties since no precise initial weight is needed for concepts and their causal interactions. Besides, FCM is applicable to the group decision support mechanism by aggregating multiple decision makers' views on a specific problem 14) .
This ability is also useful for validating the model through more experiments with blind subjects by aggregating, and averaging of the weights.
The initial weights of environmental factors i.e., current position and direction of motion, are set from real-time tracking of the subjects.
While for physiological and psychological factors, the weights are defined once and with reference to subjects' clinical and empirical records. The weights are defined qualitatively and later tuned through more experimental works until more realistic results are obtained.
As depicted in Fig.1 ., during the downward process, at any time instance the next production is predicted according to current production information as well as expert assertions about the interrelation of contributing factors. The correctness of anticipations is then verified during the reverse process (upward) which is in fact based on actual observation of the traveler's motion. From comparison of anticipated and actual results, two tuning strategies are available.
During Online tuning, the concepts or FCM nodes receive a series of GA-based optimized values until more comparable productions are anticipated. While in Offline tuning, the causal interactions are redefined. It must be noted that there are two sources of knowledge for defining causality and intensity of the interactions namely direction and weight of the FCM edges.
T h e c a u s a l i t i e s a r e d e f i n e d f r o m p r e v i o u s studies 9),10), 12) , and are considered to be unchangeable throughout the work. Although in some cases there are new assertions proposed by the authors and therefore are subjected to changes until strongly validated by experimental evidences. From the intensity perspective, the interaction weights can be realistically optimized. critical points of the path, i.e., the points where shortcutting starts or ends. Another disadvantage is that the system is strongly dependant on the experts' views on defining the weights which sometimes result in poor anticipation of an entire path.
Statistical Case Based Reasoning (CBR)
The FCM model provides a reliable framework for prediction of trajectories as well as the overall paths. However, due to the inherent variability of biological systems, prediction of behaviours could not be fully achieved. Therefore, based on ideas in dynamical systems and quantum theory, a more viable aspect is to look at the models of the statistical properties of the system, e.g., probability density function (PDF).
As suggested by the theory of difference 8 ) , the differences in perception channels, knowledge acquisition, and inference, provide information to blind individuals that are different in nature but qualitatively equal to those of sighted individuals.
According to this, and based on the fact that blind motion patterns fall into certain categories as addressed by 12) , they can be used to estimate one's trajectories in both known and unknown environments. Therefore, integration of a case based reasoning (CBR) module into the existing FCM can be a solution to the stated problem. The CBR-augmented FCM decision support system of 15) is particularly suitable as it is capable of making decisions for a new case with respect to the most similar one.
The cases are various motion patterns obtained statistically from empirical tests, and the new case to be examined is the partial trajectory of an individual blind traveler whose path is being estimated. Fig.3 . shows the proposed CBR-FCM method to be applied to the problem of path prediction. The actual performance of a traveler is frequently compared against memorized motion patterns through the CBR module. The pattern with the highest level of likelihood which is the one with similar characteristics of normal distribution function is then anticipated to be followed by the traveler.
The CBR is responsible for updating the FCM initial weights every time before FCM runs. This is achieved by reading the map concepts' weights after every map convergence, and readjusting them with respect to an anticipated path from the CBR motion database. Therefore, every time the map runs with more accurate initial weights which result in more realistic productions. The emphasis is placed on adjusting the weights of the wall-following and shortcutting behaviours, and external and egocentric referencing as the main factor concepts of the FCM.
The combination of CBR and FCM models gave more accurate predictions of entire paths including the critical points where the shortcuts start and end.
The ultimate path productions take place in the FCM. With every map convergence, either wallfollowing or shortcutting gets the higher weight, and therefore constitutes the selected action. Upon the selected action, a production is anticipated that might be: 1) to keep following the walls, 2) to start a shortcut, 3) to keep shortcutting, 4) to end a shortcut.
Way-finding Patterns and Path Estimation
In order to obtain the way-finding patterns, empirical tests were conducted with the contribution of 35 eyemasked sighted students aged 19 to 23. The path functions {L 1 (t) … L n (t)}, n = 35, are modeled mathematically in the form of a combination of line segments on the x-y floor of the test environment, where t ε {0 … T i }, and T i , i = {1 … n}, are the durations of the n trajectories.
The dissimilarity model of 16) ,17) was adopted to examine each of the path functions against the others via pair-wise distance measurements. By measuring the total RMS value of the distances between two paths at time instances, a numeric value (δ) is obtained which accounts for the dissimilarity of the two paths in terms of their shapes (Eq. 1).
Empirical paths are then clustered according to dissimilarity measures and by using any clustering algorithm. In this work, clustering is done by comparing one path once against the others in order to find the most similar ones, and therefore k clusters, each with n k = n/k members have been generated. The clustering concept is exemplified in Eq. 2, where the number of clusters is chosen to be n/2. The paths i,j shall therefore belong to cluster C i since the latter has the minimum dissimilarity with the former.
By using an averaging strategy, the path patterns are obtained from the clusters. The mean value path of a group of n k paths which belong to a cluster C i represents the path pattern corresponding to that cluster Fig.3 . The Proposed CBR-FCM Decision Support System (Eq. 3). In this research, an estimation technique is introduced for the prediction of blind motions i.e., anticipation of entire trajectory from partial trajectory. Although comparing a new trajectory against the known path patterns can be a cue to path prediction by itself, normal distribution function is used to estimate which path pattern is the most probable future of a new partial trajectory.
In order to define normal distribution of each pattern, its standard deviation is obtained with respect to the mean value path and all members of the cluster. Eq. 4 shows the variance calculation for cluster C i .
Each cluster C i is therefore represented by two values of mean path Lµ (t), and variance σ 2 . The normal distribution is the most widely used family of distributions in statistics and many statistical tests are based on the assumption of normality. Probability density function (PDF) of the normal distribution is used to assess the likelihood of a partial path with the reference patterns (Eq. 5) 17) .
When a blind traveler performs a new trajectory, at each production through the path, e.g., production L (t p ) at time instance t p , its location is given to a series of PDFs of path patterns: {L µ1 (t p ), σ 1 2 }, {L µ2 (t p ), σ 2 2 }, … from which the most probable pattern will be chosen. The future of the current production L(t p +1) is therefore anticipated from the estimated path pattern.
From partial trajectories it can be found which pattern a traveler is following, so that the entire path is predictable. However, since the goal is to discover the process of the person's spatial cognition, the estimated path must be transformed into a series of motion actions which correspond to their spatial cognition. This is what the FCM module is responsible for where the actions might be wall-following, shortcutting, or the changes between them, i.e., wall-flowing to shortcutting, and vice versa.
In order to model the actions with the FCM module, all one has to do is to update the map according to the results from the CBR module. Assume the last map convergence has resulted in having the highest weight for the wall-following concept. Now, if the map is run again for generation of the next production without considering the CBR output for the current production, again wall-following will be anticipated as the next action to be taken by the traveler. This will continue indefinitely since there is no condition for selection of another action resulting in poor trajectory prediction. By considering the CBR outputs at time instances, the FCM nodes are readjusted. This automatically results in generating conditions for switching between the actions, so that the entire series of actions along the path are realistically predicted.
Experimental Work
Blindness has different interpretations. However, in this research the term blind is referred to as the total blindness which is the complete lack of any form and light perception addressed as no-light-perception (NLP). From another perspective blind people fall into categories based on the period of time they had any kind of visual experience.
The late-blinded are more like blind-folded sighted people, while the early and congenitally blind are different in the sense that they have very little or no visual experience at all. In this research, the focus has been on late-blinded subjects. And in order to avoid excessive work for our blind subjects, the research began with blind-folded experiments up to the current stage.
The experimental work was carried out from January to May 2008. The environment was constructed in a large conference room 11.5×6.2 m 2 with a large oval shape table 7.6×2.1 m 2 placed at its centre representing the environment of 6), 7) . Thirty five blind-folded subjects contributed for extraction of the motion patterns. Upon completion of this stage, new subjects who were 16 blind-folded undergraduate students (aged 19 to 22) were chosen for path prediction experiments.
For all experiments, the eye-masks were completely dark and the room luminance did not give any cue regarding light perception. Detection of path patterns was the initial concern. However, it was soon realized that more accurate patterns could be obtained by giving a form of navigation guidance to the subjects.
Therefore, a verbal navigation method i.e., supplying navigation commands through short, hearable sentences was proposed. Accordingly, at any time a subject could ask for direction to the target, and therefore hear the related command. Besides, the information regarding the initial starting point, and location of the goal were given for each way-finding task.
The navigation method used throughout this work serves as the basis of an advanced navigation method using indoor wireless technology e.g., Bluetooth for communication with blind users. The path prediction strategy will provide complementary information about environmental factors such as the location and orientation to current tracking-navigation systems.
To track the subject's movements, a number of colored stickers were placed on the test floor, and the time between intervals i.e., each sticker placement, was recorded with an accuracy of 1 sec. The method of Section 3.3 was used for path clustering. Fig.4.(a) , (b), and (c) show the environment with soft-padded walls and the table at its centre. An eye-masked subject is trying to reach the target in a space she has no previous knowledge of.
Simulation Environment
T h e F C M w a s i m p l e m e n t e d b y d e v e l o p i n g a software with the capability of interrelating a maximum of 30 concepts. The GUI was designed using VC++ for convenient text and graphic representations. The uncertainties in referencing strategy adopted by the blind-folded subjects were included in the FCM by assigning partial weights to both concepts of egocentric and external referencing.
Among the environmental factors, the information about blind productions, i.e., position and direction of motion, were the most important ones. Another important factor was the level of familiarity with the space. However an attempt was made to minimize the effect of this factor on the system. This was done by choosing the subjects from those who had never been to the test environment before, and therefore had no previous perception of it.
As for the st a t i s t i c a l C B R m o d u l e , M a t L a b toolboxes including the statistical toolbox were used. The motion patterns were used to define relative weights for updating the FCM module. Integration of the two modules was done by merging the two algorithms from C and MatLab into one programme for one-time generation of the results. However, the graphical representation of ultimate path estimations is still in progress using advanced simulation techniques for motion of human avatar.
Results
Experimental work revealed that most subjects showed shortcutting behaviour while exploring the space with or without navigational information. The sketch maps and interviews also revealed the same facts. Based on the pure FCM analysis, only the two behaviours of wall-following and shortcutting were anticipated. Initially the module was run using expert definitions of crisp weights. Later, the initial events (cause) and concepts weights were optimized using genetic algorithm. However, up to this part of the experiments, no CBR module was added to the FCM, and therefore, the results were merely according to expert definitions of the system.
The FCM formulation (Eq. 6) was according to the definition method of Kosko 13), 18) , where each concept weight is completely defined anew during each forward step (cycle). During each cycle, first a summation of all concept-cause multiplications must be calculated for each of the affected concepts. Then this summation is squashed into the standard range of (0-1) by means of a logistic function with a certain Gain. The finalized concept weights are then decided upon convergence or even oscillation of the map. Fig.5 . shows a simplified walking locus i.e., demonstrating only 3 paths for each of the 4 types of experiments, with arbitrary start and goal locations. However, before carrying out the experiments, the subjects were guided from the room's entrance at the top-left to each of the start locations in order to help them with their mental rotation ability. The pure FCM model showed good results by anticipating trajectories along walls, and shortcuts ( Fig.5.(a) , and (b)). However, it was only capable of predicting path productions of one type i.e., wallfollowing or shortcutting. In other words, it was not possible to anticipate when and how travelers switch their way-finding strategies from one to another, and therefore prediction of the entire path was not possible.
For example in Fig.5.(c) , by assuming the subject taking a shortcut from the beginning (path 1), the path can be anticipated though not exactly. But if wallfollowing is assumed as the initial behaviour (path 2), the result will be completely wrong as the model is not capable of defining a point of start for the shortcut (path 3). This was seen more in complicated situations such as in Fig.5.(d) . The target was set to be behind the table where path 1 was no longer suggested and only path 2 would be expected for the productions which caused incomparable results.
The CBR module was added to resolve this problem in addition to other modifications such as inclusion of more concepts as offline modifications to the existing FCM model. Having added the CBR module to the system, the critical points of switch were predictable i.e., wall-following to shortcutting or vice versa. In other words, based on CBR-FCM, another two actions of switching from wall-following to shortcutting, and shortcutting to wall-following were added to the two existing alternatives. This ability enabled the system 
Replication of the Predominant Behaviours
Part of the experiments was conducted on obstaclefree floor i.e., by removing the core obstacle. Fig.6 . depicts MatLab representation of a C-type trajectory made across the space. Each location sample is obtained manually from a polar vector by taking its preceding location as the centre of coordinates. There are 33 displacement vectors (motion productions) comprising the path function as demonstrated in Cartesian coordinates of MatLab GUI. It must be noted that the rectangular frame of the MatLab GUI is not necessarily aligned with the actual frame of the environment. Instead, it is parallel to the initial orientation of the traveler (at home location) who has made this specific trajectory through the environment.
In order to test the path prediction system, the 33 actual location samples are divided into two groups i.e., 23 available and 10 unavailable productions. The input to the system is the first part of the path i.e., available path, while the output is a series of 10 motion productions to be predicted by the model.
The system was made to learn the first part of the trajectory through offline optimization of the FCM's matrix of events using genetic algorithm (GA). The last 10 productions are then predicted and compared against the second part of the actual path i.e., from location L 24 to L 33 . System performance is then evaluated based on error between the actual path and the one predicted by the developed system. Fig.7 . shows the system performance in path prediction after supplying all locational samples at GA learning stage. Having plenty of locational samples from the C-type path, the model performance is quite satisfactory and close to the reality since it has learnt about both the straight walk and the circular tendency.
The bar graph of Fig.8.(a) shows the amount of errors by comparing each estimated location against its actual counterpart. The growth of error is obtained using the Π function of Eq. 7 where E t is resultant error at instance t or until location L t . (Fig.8.(b) ). The resultant error is a good measure to determine how much the anticipated and actual paths deviate from each others. However, the bar graph describes the system performance more qualitatively through one-toone comparison between the predicted and the actual locations.
It is obtained that location estimation has been accomplished with maximum error of less than 1 m. This is suitable for most of positioning and tracking applications where human subjects are concerned. This also matches with positioning precision in most available wireless technologies as addressed by 19) and can be used for indoor applications.
Conclusion
Way-finding assistive technology and environmental design can be improved if added with AI action selection systems for prediction of blind motions. This requires a tracking strategy which is capable of anticipating consecutive productions as well as the entire path.
This article discussed a new decision model for anticipating blind motion productions in indoor environments. Navigational information can be supplied to blind travelers using communication systems e.g., audible guides, infrared and RFID signage, or wireless technologies such as Bluetooth transceiver, etc. On the other hand, haptic landmarks, guide bars and textured pavements of this type can be used for navigation purposes.
In general, such modifications to current indoor design can bring about more comfort and convenience by considering decision models of blind path planning as discussed in this article.
As the future direction of research, it is aimed to use this method to implement a wireless navigation system for communicating with blind travelers and guiding them in indoor spaces e.g., house, and office areas. The proposed method will be used for tracking the subjects in the space, while a Bluetooth transceiver station e.g., a PC with Bluetooth adaptor will be used to communicate with subjects through their own handheld devices such as mobile phone or PDA.
The advantage of applying path prediction is to decrease the number of stations from the conventional three-stations for trilateration to only one station with considerable improvement in time and cost. The presented method will be used to compensate for the lack of positioning information in a one-station system compared to three-station systems. For providing navigational guidance to a subject, the predicted path and expected series of actions along it will be considered for supplying the best guidance to the traveler. This systematic navigation method is expected to be a major step forward in the area of assistive technology and indoor safety for the blind.
